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Abstract
In their 2006 paper setting the current limit on µ−A→ e−A conver-
sion search on a gold target [2], the SINDRUM-II collaboration published,
along with the electron momentum distribution, the momentum distribution
of reconstructed positrons. Near the positron spectrum endpoint, there is a
statistically significant excess of observed events over the expected back-
ground. We estimate that in the region 88 MeV/c < p < 95 MeV/c there are
13 events with an expected background of about 1-1.5 event, which has not
been discussed by the authors. Those 13 events form a bump with a width
consistent with the experimental resolution, making one think of a µ− → e+
conversion signal. However, the reconstructed position of the bump is about
1 MeV/c, or ∼ 4σp, lower than the expected position of the µ−Au→ e+Ir
signal, which strongly discourages the exotic interpretation.
The excess, however, could be due to an exclusive dipole radiative muon
capture (RMC) transition 197Au(GS) → 197Pt(GS) with the branching
fraction of about 2 · 10−4. Such a transition would not be resolved by the
existing RMC measurements. We conclude that the exclusive RMC tran-
sitions could significantly modify the positron spectrum near the kinematic
endpoint, and to fully exploit the physics potential of the upcoming experi-
ments such as Mu2e and COMET, a better theoretical understanding of the
endpoint of the RMC spectrum on nuclei is needed. A high-resolution mea-
surement of the RMC photon spectra needs to be carried out and compared
to the theoretical predictions. Without that, the sensitivity of the searches for
µ−A→ e+A and µ−A→ e−A might be severely limited by unknown prob-
abilities of RMC transitions to the exclusive low-lying states of the daughter
nuclei.
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1 Introduction
The most stringent search limits on the processes of µ−A→ e+A and µ−A→ e−A
on nuclei come from the SINDRUM-II experiment :
Br(µ−Ti→ e+Ca) < 1.7 · 10−12(GS) [1]
and
Br(µ−Au→ e−Au) < 7 · 10−13 [2],
The data on the gold target have been collected in 2000, after [1] had been pub-
lished, and the total total flux of stopped muons collected by SINDRUM-II on an
Au target is about 1.5 times higher than the corresponding number of muon stops
on Ti, (4.37± 0.32) · 1013 [2] vs (2.95± 0.13) · 1013 [1] muon stops respectively.
For a low background experiment, a larger number of stopped muons usu-
ally leads to a better experimental sensitivity, however, results of the search for
µ−A→ e+A conversion on an Au target have not been published. Nevertheless,
along with the momentum spectrum of electrons, SINDRUM-II also shows the
positron data [2]- see Figure 1.
Figure 1: SINDRUM-II e− and e+ spectra on an 197Au target from [2].
The positron momentum distribution in Figure 1 has a bump near the spectrum
endpoint. This note presents an attempt to understand the origin of the bump and
its implications for upcoming searches for µ−A→ e+A conversion by the Mu2e
and COMET experiments.
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2 Approach
We start by developing a parameterized model of the SINDRUM-II detector re-
sponse and tuning the model parameters to describe the electron data from [2].
The tuning procedure assumes that the measured electron spectrum is dominated
by electrons produced in muon decays in orbit (DIO). This assumption doesn’t
take into account electrons from radiative muon capture (RMC). Those electrons
are definitely present in the data, and Figure 1 shows that in the vicinity of 90
MeV/c their contribution is non-negligible and needs to be taken into account.
However, as reference [2] doesn’t show the momentum spectrum of RMC
electrons, which, due to the Compton scattering, is different from the RMC positron
spectrum, we simply acknowledge the presence of the RMC contribution in the
SINDRUM-II electron data, but don’t take any action.
To model the electron data, SINDRUM-II used the DIO spectrum calculated
for the muonic Pb atom, tabulated in [3]. The spectrum was corrected for the
difference in the muon binding energies in muonic atoms of 197Au and 208Pb. The
parameterized model of the SINDRUM-II detector response developed in Section
3 uses this DIO spectrum as input.
We next assume that the detector response - resolution and efficiency - is the
same for electrons and positrons of the same momentum, and use the model of the
SINDRUM-II detector response, tuned on electrons, to describe the positron spec-
trum from [2]. The spectrum is dominated by positrons coming from conversions
of RMC photons in the detector material as well as from the direct production of
e+e− pairs in the process of nuclear muon capture.
To predict the momentum spectrum of positrons, one needs to know the energy
distribution of photons produced in radiative muon capture on gold. We assume
that for energies at least a few MeV below the spectrum endpoint, the RMC photon
spectrum can be described by the closure approximation model [4] and we fit
the positron spectrum below 88 MeV/c to determine the model parameter kmax
defining the endpoint and shape of the photon energy spectrum. After that, we
predict the expected RMC contribution in the positron spectrum above 88 MeV/c
and quantify the observed excess of events in that region.
Finally, we discuss if the observed excess is consistent with the signal expected
from the exotic µ−Au→ e+Ir transition.
3
3 Parameterization of the SINDRUM-II detector re-
sponse
3.1 Momentum resolution
Figure 2 overlays the electron momentum spectrum measured by SINDRUM-
II and the DIO spectrum on 208Pb calculated in [3] and shifted by 0.5 MeV/c
to account for the difference in the muon binding energies in 208Pb and 197Au.
Both spectra are rapidly falling with momentum and have very different slopes.
The sign of the difference is easy to understand: in the case of a steeply falling
spectrum, the finite experimental resolution smears the spectrum and makes it less
steep.
Figure 2: SINDRUM-II electron spectrum (points with the error bars) overlaid
with the DIO spectrum from [3]. The theoretical spectrum, shown as a histogram,
is normalized to the same area as the data for p > 80 MeV/c.
We make a simplifying assumption that the detector momentum response func-
tion is symmetric and can be described by a single Gaussian with a mean of 0. To
choose the optimal value of the resolution parameter, σP , we vary its value in
the range [1, 3.5] MeV/c, convolve the theoretical DIO spectrum with the res-
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olution function, and use the resulting distribution to fit the SINDRUM-II elec-
tron spectrum. The fit has one parameter - the normalization. The fit χ2 depen-
dence on σP is shown in Figure ??. The best value of the resolution parameter,
σP = 2.0± 0.1 MeV/c, is significantly higher than the SINDRUM-II momentum
resolution, which is about 0.5 MeV/c. The difference is most likely due to the
contribution of RMC electrons, unaccounted for in the fitting procedure. As one
can see from Figure 1, for momenta close to 90 MeV/c, the RMC contribution can
not be ignored. As the RMC spectrum falls less steeply than the DIO spectrum,
ignoring the RMC contribution should result in a larger value of σP returned by
the fit.
Figure 3: χ2 of the fit of the SINDRUM-II DIO electron spectrum with the theo-
retical distribution convolved with a Gaussian with resolution σP as a function of
σP .
3.2 Tracking efficiency
We assume that the SINDRUM-II tracking efficiency is flat for momenta p > 80
MeV/c. Normalizing the DIO spectrum convolved with a Gaussian resolution
function with σP = 2.0 MeV/c to the electron data in the region p > 80 MeV/c,
and dividing the data spectrum by the resulting distribution gives the “efficiency”
dependence on the track momentum. The resulting dependence is shown in Figure
5
4, it is well described by a function, constant above 80 MeV/c and falling linearly
below 80 MeV/c.
Figure 4: Parameterization of the SINDRUM-II efficiency vs the track momen-
tum. Definition of efficiency includes all components - trigger, reconstruction,
and selection. Overall normalization is chosen such that efficiency is equal to one
for p > 80 MeV/c.
This step concludes tuning of the detector response. Figure 5 shows the de-
scription of the SINDRUM-II electron data of [2] with the tuned response - the
quality of description is surprisingly good, better than one might expect from such
a simplistic model.
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Figure 5: Description of the electron spectrum on the Au target from [2] with the
tuned model of the SINDRUM-II detector response.
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4 RMC spectrum and kmax determination
Measured RMC photon energy spectra on nuclei can be successfully described
within a closure approximation model which predicts the RMC photon spectra
depending on just one parameter - the photon spectrum endpoint:
dN
dE
=
e2
pi
kmax
2
m2µ
(1− α)(1− x+ 2x2)x(1− x)2
where E is the photon energy, kmax is the energy spectrum endpoint, α = (N −
Z)/A, and x = E/kmax [4]. Values of kmax for different nuclei are not predicted,
but determined from fits to the experimental data. Typically, fits return kmax values
significantly, 5-15 MeV/c, lower than the kinematically allowed limits.
Internal conversions, or off-shell RMC photons, also contribute to the mea-
sured spectrum. Assuming that the energy distribution of off-shell photons is the
same as the energy distribution of the on-shell photons, and the energy sharing
between the positron and electron is similar in both cases, the contribution of the
off-shell photons should be accounted for by the overall spectrum normalization.
We determine the value of the kmax parameter by fitting the SINDRUM-
II positron spectrum with a closure approximation spectrum convolved with
the resolution (σP = 2 MeV/c) and the efficiency determined from the fit
to the electron spectrum (see Figure 4) for a range of kmax values. Fig-
ure 6 shows the dependence of the fit χ2 on kmax, the best fit corresponds to
kmax = 88.0 ± 0.6 MeV. With the positron energy losses taken into account
(see Section 5), the value becomes kmax = 88.6 ± 0.6 MeV. Consistent with
the available experimental data, the maximal photon energy allowed kinemati-
cally in a µ− + 197Au(GS) → ν + γ +197 Pt(GS) transition is Emax = 94.3
MeV, about 5 MeV higher than the kmax value corresponding to the best fit.
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Figure 6: χ2 of the SINDRUM-II positron spectrum fit with the posiron mo-
mentum distribution derived from the RMC closure approximation spectrum con-
volved with the detector response as a function of kmax. Used in the fit are events
with p < 88 MeV/c.
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5 SINDRUM-II momentum scale
In [2], the experimental momentum scale has been calibrated using the edge of
the Michel spectrum from muon decays µ+ → e+νν¯ at rest. The calibration was
performed with the magnetic field reduced to about 50% of the nominal value.
The reconstructed positron momentum distribution is shown in Figure 7.
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Figure 7: Reconstructed momentum spectrum of positrons from µ+ → e+νν¯
decays used in [2] for detector momentum calibration.
Although radiative corrections modify the positron spectrum, their impact on
the edge of the Michel spectrum is fairly small, as shown in Figure 8. Therefore,
the reconstructed position and shape of the edge depend primarily on the energy
losses in the detector and the experimental momentum resolution.
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Figure 8: Theoretical Momentum spectrum of positrons from the µ+ → e+νν¯
decay. Red: leading order, blue: with radiative corrections taken into account.
We expect the positron momentum referred to in the paper to be the momen-
tum in the first reconstructed point on the trajectory. As such, the reconstructed
Michel edge should be affected by the energy losses in front of the tracker, as well
as the tracker momentum resolution. According to [2], the energy losses in front
of the tracker are due to losses in the Au target (75 mg/cm2) and the wall of the
vacuum chamber (324 mg/cm2), most of which is aluminum and carbon fiber.
To validate our understanding of the SINDRUM-II momentum calibration, we
simulate energy losses of positrons with initial momenta distributed uniformly in
the range [45,52.8] MeV/c in a structure consisting of the two layers described
above. The initial momentum distribution is shown in Figure 9 in red, and the
positron momentum distribution on exit from the vacuum chamber wall is shown
in blue. Comparing the two distributions shows that for a 50 MeV positron, the
most probable energy loss in front of the SINDRUM-II tracking chamber is about
0.6 MeV
Shaded in Figure 9 is the positron momentum distribution which includes the
energy losses in the target and the vacuum chamber wall, and is convolved with
a Gaussian with σ = 0.55 MeV/c. The value of σ = 0.55 MeV/c corresponds to
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Figure 9: A flat spectrum with the right edge at 52.8 MeV is shown in red,
the same spectrum convolved with the expected SINDRUM-II energy losses is in
blue, and then this distribution convolved with a Gaussian with σ = 0.55 MeV/c
is shaded.
the SINDRUM-II momentum resolution of 1.3 MeV/c FWHM [5]. The shaded
distribution in Figure 9 double counts the fluctuations of energy losses, however
the impact of double counting is small, and the momentum edge smearing is dom-
inated by the momentum resolution of the tracker.
The fit of the high-momentum part of the smeared edge with a Gaussian re-
turns σ = 0.63 ± 0.03 MeV/c, in good agreement with σ = 0.65 ± 0.06 MeV/c
returned by the fit of the SINDRUM-II spectrum in Figure 7.
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6 Events above 88 MeV and the µ−A→ e+A signal
6.1 Positron momentum spectrum
Figure 10 overlays the SINDRUM-II positron spectrum on the 197Au target with
the closure approximation spectrum convolved with the parameterized model of
the SINDRUM-II detector response.
There are 14 events above 88 MeV/c in the data. Looking at the data above 94
MeV/c, we can estimate the background due to radiative pion capture (RPC) and
cosmics to be of the order of one event. The closure approximation-based RMC
model predicts about 0.4 events above 88 MeV/c.
One therefore needs to ask whether the closure approximation reliably de-
scribes the RMC positron spectrum near the endpoint. In particular, the closure
approximation doesn’t take into account RMC transitions to the exclusive low-
lying states of the daughter nucleus.
In the case of the 197Au target, a dipole transition 197Au→ 197Pt to the ground
state of the Pt nucleus is allowed. Given that the energy splitting between an
electron and a positron from a photon conversion is almost uniform, the positron
spectrum corresponding to such a transition, in a first order approximation, should
be flat. Taking into account the energy losses, the positron momentum spectrum
could extend up to 93.2 MeV/c. Therefore, if it existed, such a transition could re-
duce the tension between the background model and the data. Below, we estimate
the probability of such a transition corresponding to 13 RMC events in the region
88 MeV/c < pe+ < 93.2 MeV/c.
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Figure 10: Fit of the SINDRUM-II positron spectrum with the closure approx-
imation spectrum convolved with the parameterized model of the SINDRUM-II
detector response. The closure approximation parameter kmax = 88 MeV/c.
6.2 Final states with a broken down daughter nucleus
As a daughter nucleus produced in the process of radiative muon capture can break
down and emit one or several protons or neutrons, one could also ask whether
photons from transitions of
µ+ 197Au→ γ + ν +197−k Pt+ k neutrons
or
µ+ 197Au→ γ + ν +197−k AZ=78−k + k protons
could produce positrons with a higher energy spectrum endpoint than the µ+
197Au → γ + ν+ 197Pt transition. Figure 11 shows the distributions of mass
differences between the final states consisting of (197−kPt + k neutrons) and
(197−kAZ=78−k + k protons), and the ground state of the 197Pt nucleus. Based
on those distributions one can conclude that events with the most energetic pho-
tons and, as such, most energetic positrons, should correspond to transitions with
the 197Pt nucleus in the final state, with a reconstructed positron momentum end-
point of 93.2 MeV/c. As the positron momentum spectrum extends up to about 92
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Figure 11: Mass differences between the final state with the broken down daugh-
ter nucleus and 197Pt for different breakdown scenarios of 197Pt nucleus. Isotope
masses taken from [6]. The final state with the 197Pt nucleus always has the lowest
mass and, therefore, the highest photon spectrum endpoint.
MeV/c, final states with massess higher than the mass of the 197Pt ground state
by ∼ 1.2 MeV/c2 couldn’t contribute to the excess.
6.3 Expected µ−A→ e+A signal in the SINDRUM-II detector
One could ask whether the excess of events on the high-momentum tail of
the positron momentum distribution is consistent with the signal expected
from µ− → e+ conversion on gold. Figure 12 shows the expected
µ− → e− signal in the SINDRUM-II detector, digitized from Figure 11
of [2]. The conversion peak has its maximum at 95.0 MeV/c, consistent
with the most probable energy losses of 0.6 MeV in front of the tracker,
discussed in Section 5. The expected position of the µ−Au→ e+Ir con-
version signal is about 3.9 MeV/c lower than for the µ−Au→ e−Au sig-
nal; the difference is small enough to not affect the momentum resolution.
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Figure 12: The expected position and shape of the µ− → e− conversion signal
on Au in the SINDRUM-II detector.
We therefore assume that the expected position and the shape of the positron
signal from µ− → e+ conversion reconstructed in the SINDRUM-II detector can
be reproduced by moving the µ− → e− signal shown in Figure 12 down by 4
MeV/c. The expected µ−A→ e+A signal is shown in Figure 13 together with the
SINDRUM-II positron data and the RMC background. The RMC normalization
comes from the fit in the region p < 88 MeV/c, explained in Section 4. To guide
the eye, the µ− → e+ conversion signal is normalized to 20 events.
The excess of events above 88 MeV/c has a shape consistent with the shape
of the expected µ− → e+ signal; however, the average momentum of the data
events in the group is about 1 MeV/c lower than expected from the signal. The
estimated statistical uncertainty on the position of the center of gravity of those
events is 0.24 MeV/c, so the expected position of the µ− → e+ conversion signal
is about 4σ higher than calculated from the data. An attempt to fit the data in
the range [89, 92] MeV/c with the function having the shape of the µ− → e+
conversion signal returns a p-value of 0.004. This strongly disfavors the exotic
(µe conversion) interpretation of the excess.
The track charge mis-identification probability in the SINDRUM-II detector
is about 0.2% [1], which can’t explain the excess of positron events.
16
Figure 13: SINDRUM-II positron spectrum overlaid with the expected back-
ground from RMC and a signal from µ−Au→ e+Ir normalized to 20 events. Nor-
malization of the signal is chosen to guide the eye.
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7 An exclusive RMC transition?
As it has already been mentioned, the excess of the positron events in the tail
could be explained by the contribution of RMC accompanied by a nuclear tran-
sition from the ground state of 197Au to an exclusive final state of 197Pt. As the
ground state of 197Au has spin parity 3/2+ and the ground state of 197Pt has spin-
parity of 1/2−, an allowed dipole transition between the two states could result in
mono-energetic photons with the energy E = 94.3 MeV. A uniform, in a first order
approximation, distribution of the electron-positron energy splitting could result
in a flat contribution extending up to p = 93.2 MeV/c added to the rapidly falling
measured positron spectrum from converted RMC photons.
In total, the SINDRUM-II positron spectrum on a gold target has 456 events
with p > 77 MeV/c. 14 out of 456 events have p > 88 MeV/c. Attributing one
event - with the highest momentum - to cosmics/RPC, there are 13 events left
with reconstructed positron momenta in the region 88-93 MeV/c. Assuming that
all of them are due to an Au(GS) → Pt(GS) RMC transition and a flat positron
spectrum from 0 - 93 MeV/c, we estimate the total number of such events as
13 events/5 MeV/c · 93 MeV/c ≈ 250 events.
For an RMC spectrum with kmax = 88 MeV, shown in Figure 14, about
14% of photons have energies above 57 MeV. The TRIUMF RMC spectrometer
measured 2000-3000 data events per target [7]. For an experimental energy cutoff
E > 57 MeV, that translates into 15,000 - 20,000 events in the whole spectrum.
Similarly, for kmax = 88 MeV, about 3.3 · 10−4 of all RMC positrons have p
> 77 MeV/c. Assuming a momentum-independent efficiency, 442 reconstructed
events with p > 77 MeV/c corresponds to 1.3·106 RMC events in the full spectrum
and 1.9·105 RMC events with photon energies above 57 MeV. This is two orders of
magnitude higher than the per-target statistics of the TRIUMF RMC spectrometer.
The branching ratio of the exclusive transition could be estimated at ∼ 2.5 ·
102/1.3 · 106 ∼ 2 · 10−4, so for typical per-target statistics of [7], one would
expect such a transition to contribute 2 · 104 · 2 · 10−4 ∼ 5 events. Given the
photon energy resolution of FWHM ∼ 7 MeV, it would be rather difficult for the
TRIUMF RMC spectrometer to resolve transitions of that strength in the measured
spectra. However, a measurement with a photon energy resolution of about 1 MeV
and statistics an order of magnitude higher than that of [7] would allow one to see
such a transition.
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Figure 14: RMC photon (left) and e+ (right) momentum spectra, kmax = 88 MeV.
8 Summary
In their 2006 paper which sets the current best limit on µ−A→ e−A on a gold
target [2], the SINDRUM-II collaboration published, along with the electron mo-
mentum distribution, the momentum distribution of reconstructed positrons. Near
the positron spectrum endpoint, there is an excess of events which has not been
discussed by the authors.
To understand the origin and potential implications of this excess, we devel-
oped a simple detector response model, tuned it using the SINDRUM-II electron
data, and used the tuned model to describe the positron data. The excess of high-
momentum events in the positron data is statistically significant, comprised of
about 13 events with the background expectation of about 1.4. The background
expectation is dominantly due to RPC and cosmics, the RMC background above
88 MeV/c is < 1 event.
Interestingly, the excess has a width consistent with the SINDRUM-II detector
resolution. The expected position of the µ−Au→ e+Ir signal is 1 MeV/c, or
∼ 4σp, higher, and fitting those events with the µ− → e+ signal shape has a
p-value of 0.004; this strongly discourages the exotic interpretation.
The excess could be due to an exclusive dipole RMC transition between
197Au(GS)→197Pt(GS), with a branching fraction of about 2 · 10−4. Given the
statistics and resolution of the published RMC measurements, such a transition
would not be resolved experimentally.
The observation has significant implications for the upcoming searches for
processes of µ−A→ e+A and µ−A→ e−A conversion. In the µ−A→ e+A chan-
nel, exclusive RMC transitions could simply fake the signal; in the µ−A→ e−A
19
channel, those transitions could significantly distort the predicted SM background
shape.
To fully exploit the physics potential of experiments such as Mu2e and COMET,
a better theoretical understanding of the endpoint of the RMC spectrum on nuclei
is needed. A high-resolution measurement of the RMC photon spectra needs to
be carried out and compared to the theoretical predictions. Without that, the sen-
sitivity of the upcoming searches might be limited by the unknown probabilities
of RMC transitions to the exclusive low lying states of the daughter nuclei.
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A Calculation of the positron energy in µ−Au→ e+Ir
conversion
We consider only the ground state conversion process. For this, the conversion
energy is given by:
Ee+ = mµ −Bµ − Erecoil −∆Z−2
where mµ is the muon mass, Bµ is the binding energy of the 1s energy level,
Erecoil is the kinetic energy of the recoiling nucleus, and ∆Z−2 is the difference
between the incoming and outgoing nuclear masses.
Since the muon orbit is ∼ 200 times closer to the nucleus than the electrons’,
one can assume the electrons do not contribute to the muon capture process.
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Parameter Value
mµ 105.6583745(24) MeV/c2 [8]
me 0.5109989461(31) MeV/c2 [8]
1u 931.49410242(28) MeV/c2 [8]
Bµ 10081.23 keV [9]
Ar(
197Au) 196.96656879(71) u [6]
MN(
197Au) 183432.828(1) MeV/c2
Ar(
197Ir) 196.969 655(22) u [6]
MN(
197Ir) 183436.725(21) MeV/c2
∆Z−2 3.897(21) MeV/c2
Table 1: Parameters used in the µ−Au→ e+Ir positron energy calculation.
Therefore, the electron masses are not considered and instead only the nuclear
masses are used: MN = MA − Z · me, where MA = Ar · u, Ar is the relative
mass, u is the atomic mass unit, and me is the electron mass.
The recoiling energy is given by considering the two body decay: N(µ− +
197Au) → e+ + 197Ir. Considering the rest frame of the muonic gold atom, the
decay products must satisfy pe+ + p197Ir = po = 0. The energy of the iridium
nucleus is then given by:
E197Ir =
M2 +MN(
197Ir)2 −m2e
2M
= Erecoil +MN(
197Ir)
where M is the mass of the muonic gold nucleus system,M = MN(197Au)+mµ−
Bµ = 183528.405 MeV/c2. Using the parameters in Table 1, we get Erecoil =
0.023 MeV.
Combining these together, the µ−Au→ e+Ir positron energy for the ground
state transition isEe+ = 91.657(21) MeV, where the uncertainty onBµ is assumed
to be ∼1 keV.
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